The Piezo2 channel is a newly identified mammalian mechanical transducer that confers rapidly adapting mechanically activated (RA-MA) currents in primary afferent neurons. The Piezo2 channels sense rapid membrane displacement, but it is not clear whether they are sensitive to osmotic swelling, which slowly increases static plasma membrane tension (SPMT). Here, we show that SPMT exerts a profound impact on the mechanical sensitivity of RA-MA channels in primary afferent neurons. RA-MA currents are greatly enhanced, and the mechanical threshold was reduced in both primary afferent neurons of rat dorsal root ganglia (DRG) and HEK293 cells heterologously expressing Piezo2 when these cells undergo osmotic swelling to increase SPMT. Osmotic swelling switches the kinetics of RA-MA currents to the slowly adapting type in both cultured DRG neurons and HEK293 cells heterologously expressing Piezo2. The potentiation of RA-MA currents is abolished when cultured DRG neurons are treated with cytochalasin D, an actin filament disruptor that prevents SPMT of cultured DRG neurons from an increase by osmotic swelling. Osmotic swelling significantly increases DRG neuron mechano-excitability such that a subthreshold mechanical stimulus can result in action potential firing. Behaviorally, the mechanical hind paw withdrawal threshold in rats is reduced following the injection of a hypotonic solution, but this osmotic effect is abolished when cytochalasin D or Gd 3؉ is co-administered with the hypoosmotic solution. Taken together, our findings suggest that Piezo2-mediated mechanotransduction is regulated by SPMT in primary afferent neurons. Because SPMT can be changed by multiple biological factors, our findings may have broad implications in mechanical sensitivity under physiological and pathological conditions.
Sensing mechanical stimuli such as gentle touch and noxious pinch enables multiple important tasks in life such as social interaction and avoidance of harmful environments. One key step for sensing mechanical stimuli is mechanotransduction, the process by which mechanical energy is transduced into electrical signals at primary afferent endings. McCarter et al. (1) first showed that mechanical stimuli elicit depolarizing currents flowing through primary afferent neurons in the dorsal root ganglia (DRG), 4 suggesting the presence of mechanically activated ion channels that may transduce mechanical stimuli into electrical signals in primary afferents. Mechanically activated currents in DRG neurons are subsequently characterized in more detail (2) (3) (4) (5) , and the most commonly observed wholecell mechanically activated currents in DRG neurons are rapidly adapting mechanically activated (RA-MA) currents that usually have decay time constants of less than 10 ms (2, 3, 6) . RA-MA currents are found to be mediated by nonselective cation channels (7) , and they can be blocked by Gd 3ϩ and ruthenium red (1, 2) . RA-MA currents have been recorded from different DRG neurons, some of which feature non-nociceptive characteristics, whereas others show nociceptive properties (2) , suggesting that they may be involved in both non-nociceptive and nociceptive mechanical transduction. The molecular identity conferring RA-MA currents in primary afferent neurons has recently been elucidated to be Piezo2, a large transmembrane protein that forms mechanically sensitive ion channels in mammalian primary afferents (6) . Piezo2 channels are also expressed on Merkel cells of hair follicles and touch domes of the skin, where they are key molecules for the transduction of gentle touch (8 -10) . The role of Piezo2 channels in animal behavioral responses to mechanical stimuli has recently been demonstrated using Piezo2 knock-out mice (11) .
In primary afferent neurons, studies have shown that RA-MA currents are up-regulated by a transcriptional mechanism by the proinflammatory neurotrophin nerve growth factor (12) . Activators of PKC, given in vitro and in vivo, also cause increases in RA-MA currents and behavioral sensitization to mechanical stimulation, respectively (12) . In a heterologous expression system, Piezo2 current amplitude is shown to be increased by bradykinin receptor ␤2 activation, and the up-reg-ulation of Piezo2 function is shown to be mediated by protein kinase A and protein kinase C (13) . A GTP-dependent run-up of Piezo2-type RA-MA currents is observed in cultured DRG neurons (14) . In addition, a role for Piezo2 in EPAC1-dependent mechanical allodynia has been reported recently (15) . Upregulation of mechanotransduction at primary afferent nerve endings has been proposed to be a mechanism underlying mechanical allodynia and hyperalgesia, exaggerated pain states induced by gentle touch and mild noxious stimuli, respectively, seen under pathological conditions.
Previous studies on the regulation of Piezo2 channel functions have mainly focused on biochemical aspects such as modulation by second messengers. However, an emerging field of research on ion channel regulation in recent years has been to explore the impact of membrane biophysical properties on the activity of different ion channels (16, 17) . It has been shown that membrane biophysical properties such as static plasma membrane tension (SPMT) have a significant impact on functions of some ion channels ranging from directly gating (e.g. bacterial MscL) to influencing voltage-gating (e.g. some voltage-gated K ϩ channels) and ligand-gating (e.g. NMDA receptors) (16 -18) . It is probably not totally unexpected that Piezo2 functions can be regulated by SPMT, but so far it has been unknown to what extent this biophysical factor may change the sensitivity of Piezo2 mechanotranduction in sensory neurons. In this study, we use osmotic swelling as a means to increase SPMT (19, 20) , and we show that SPMT has a profound impact on Piezo2-mediated currents.
Experimental Procedures
Sprague-Dawley rats (250 -350 g, both genders) were used. Animal care and use conformed to National Institutes of Health guidelines for the care and use of experimental animals. Experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati. DRG neuron cultures were prepared as described previously (21) . In brief, rats were anesthetized with isoflurane and sacrificed by decapitation. DRGs were rapidly dissected out bilaterally and incubated with 0.2% collagenase and 0.5% dispase for 1 h at 37°C in minimum essential medium for suspension culture (Invitrogen). After trituration to dissociate neurons, DRG neurons were plated on glass coverslips pre-coated with poly-Dlysine (12.5 g/ml in distilled H 2 O) and laminin (20 g/ml in Hanks' buffered salt solution, BD Biosciences). The cells were cultured in minimum essential medium (Invitrogen) that also contained nerve growth factor (2.5S NGF; 10 ng/ml; Roche Applied Science), 5% heat-inactivated horse serum (JRH Biosciences, Lenexa, KS), uridine/5-fluoro-2Ј-deoxyuridine (10 M), 8 mg/ml glucose, and 1% vitamin solution (Invitrogen). The cultures were maintained in an incubator at 37°C with a humidified atmosphere of 95% air and 5% CO 2 . Cells were used for patch clamp recordings after culturing for 3-7 days.
To perform patch clamp recordings, coverslips with cultured neurons were placed in a 0.5-ml microchamber, mounted on a stage of an Olympus IX70 inverted microscope (Olympus), and continuously perfused at 2 ml/min with a normal bath solution at a room temperature of 23°C. The normal bath was an isotonic solution that contained (in mM) 145 NaCl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, 10 HEPES, pH 7.3, and an osmolarity of 320 mosM. Normal patch clamp recording internal solution was an isotonic solution that contained (in mM) 70 Cs 2 SO 4 , 5 KCl, 2.4 MgCl 2 , 0.5 CaCl 2 , 5 EGTA, 10.0 HEPES, 5.0 Na 2 ATP, 0.33 GTP-Tris salt; pH was adjusted to 7.35 with CsOH, and osmolarity was adjusted with sucrose to 320 mosM. Recording electrodes were fabricated from thin wall capillaries using a Flaming/Brown P-97 puller (Sutter Instrument Co. Novato, CA). Resistances of electrodes were 4 -6 megohms after filling recording internal solutions. Membrane access resistance after establishing the whole-cell configuration was ϳ10 megohms and was not compensated. Junction potential between bath and electrode solution was calculated to be 11 mV and was corrected for the data analysis. Voltage clamp recordings were performed with cells held at Ϫ71 mV (command voltage of Ϫ60 mV minus 11 mV for junction potential correction). Signals were recorded with an Axopatch 200B amplifier, filtered at 2 kHz, and sampled at 5 kHz using pCLAMP 9.0 (Axon Instruments). Unless otherwise indicated, all recordings were performed on small-sized DRG neurons ranging from 20 to 30 m in diameter.
To apply mechanical stimulation, the membranes of DRG cell bodies were displaced by a heat-polished glass pipette (membrane displacement probe). The tip of the probe was ϳ4 m in diameter. The probe was positioned at an angle of 45°to the surface of the dish, and the movement of the probe was controlled by a piezo-electric device (Physik Instruments, Auburn, MA). The tip of the probe was positioned in such a way that a 2-m movement did not contact the cell; 3 m had a visible contact but little membrane movement, and a 4-m stimulus produced an observable membrane deflection. Therefore, tip forward steps of 2 and 3 m were assigned as position Ϫ1 and 0 m, respectively; a 4-m forward step was recorded as an initial step of 1-m membrane displacement. The probe was moved at a speed of 0.5 m/ms. Membrane displacements by the probe were visualized as live images, which were continuously captured by a CCD camera through a 40ϫ objective and displayed on an 11-inch monitor throughout each experiment. To ensure the consistency of membrane displacement over a long recording time, under the visual guidance we corrected any drift of the probe just before applying mechanical stimulation in each test, and we further corrected the relative distance between the tip of the probe and the cell membrane when osmotic swelling was introduced to the recorded cells. For most recordings, a fixed membrane displacement (6 or 7 m, 500-ms duration) was applied immediately after breaking into the whole-cell mode and then continually applied at an interval of 2 min for up to 30 min. In some experiments, a series of graded membrane displacement steps were applied at 1-m increments, and the duration of each step was 500 ms. The interval was 6 s when the displacement steps were applied. Assessment of RA-MA channel numbers and unitary current size was performed using the nonstationary fluctuation analysis described in our previous study (22) . In brief, RA-MA currents were repeatedly evoked by the same membrane displacement of 7 m for up to 30 times. Current variances during multiple stimulations were plotted against mean current values. The channel numbers and unitary current size were obtained by fitting data into the equation, 2 ϭ i⅐I Ϫ I 2 /N, where 2 is current variance; i is unitary current size; I is mean value of currents, and N is channel numbers. Because membrane displacement might affect membrane seal to change access resistance, membrane properties were continually monitored during each recording. This was achieved by applying 5-mV test pulses. Data were discarded if membrane access resistance changed during recordings.
To determine the effects of osmotic swelling on RA-MA currents in cultured DRG neurons, osmotic swelling was produced by either intracellular hypertonicity (for most experiments) or extracellular hypotonicity. Osmotic swelling was determined by measuring the increases of cell diameters over time following the introduction of intracellular hypertonicity or extracellular hypotonicity. For intracellular hypertonicity, hypertonic recording internal solution was used, and the solution was similar to normal recording internal solution except the osmolarity was adjusted with sucrose to 420 mosM. To determine the effects of intracellular BAPTA on RA-MA currents, 20 mM BAPTA was included in the hypertonic recording internal solution. In some experiments to elicit neuronal action potentials while intracellular hypertonicity was introduced, the recording internal solution was similar to the normal recording internal solution except 70 mM Cs 2 SO 4 was replaced by 135 mM potassium gluconate, and pH was adjusted with KOH to 7.3 and osmolarity adjusted with sucrose to 420 mosM. In experiments to introduce hypotonicity extracellularly, hypotonic solution with osmolarity of 220 mosM was used, and the solution was similar to normal bath solution except NaCl concentration was reduced from 145 to 90 mM. In one set of experiments, the TRPV4 activator GSK1016790A was tested for its effect on RA-MA currents. RA-MA currents were recorded using isotonic recording internal solution, and GSK1016790A (100 nM) was continuously applied through a bath for up to 30 min. In experiments to determine the role of actin filaments in RA-MA channel functions, cytochalasin D (CD, 10 M), latrunculin A (LatA, 5 M), or jasplakinolide (Jasp, 5 M) was applied intracellularly by including each of them in the recording internal solution.
In some experiments, human embryonic kidney 293 (HEK293) cells that heterologously expressed mouse Piezo2 ion channels were tested. HEK293 cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 50 units/ml penicillin, and 50 g/ml streptomycin. Cells were plated onto 12-mm round glass coverslips placed in 12-well plates. Mouse Piezo2 plasmids (2 g/well) were co-transfected with GFP plasmids (0.3 g/ml) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. Transfected cells were identified and recorded 12-24 h following the transfection. Mechanically activated currents in Piezo2-expressing HEK293 cells were recorded under the conventional whole-cell mode either with normal patch clamp recording internal solution or hypertonic recording internal solution.
Mechanical stimulation was applied in the same fashion as that in the recordings of RA-MA currents from cultured DRG neurons.
Immunostaining was performed to examine Piezo2 channel expression on cultured DRG neurons. Cells were incubated at room temperature for 30 min in a 4% paraformaldehyde solution and further incubated for 2 h in a mixture solution of 0.4% Triton X-100 and 4% paraformaldehyde. After three rinses with PBS, the cells were incubated for 2 h at room temperature with a 2% Triton X-100 solution. The cells were rinsed two times with a 1% goat serum PBS and then incubated for 1 h in a solution of 4.5% normal goat serum in PBS with 0.4% Triton X-100 to block nonspecific antibody binding. The cells were incubated with a polyclonal rabbit anti-Piezo2 antibody (1:500; Novus Biologicals, Littleton, CO) overnight at 4°C. Following three rinses with 1% goat serum PBS solution, the cells were further incubated with a secondary antibody for 1 h at room temperature. The secondary antibody (1:1000 in 1% goat serum PBS solution) was a goat anti-rabbit IgG conjugated with Alexa-488 (Molecular Probes, Eugene, OR). The cells were rinsed three times with 1% goat serum PBS solution, coverslipped with a glycerol-based anti-photobleach medium. Cell images were taken under an epifluorescent or a confocal fluorescent microscope. Fluorescent intensity values were measured at the perimeters and also at the sites on cells ϳ5 m away from the perimeters. The ratio of fluorescent intensities between these two locations was then calculated.
Changes of membrane tension in cultured DRG neurons during osmotic swelling were determined by using the micropipette aspiration technique as described previously (23, 24) . In brief, micropipette was pulled from thin wall borosilicate glass capillaries (ϳ1.5 mm external diameter and ϳ1.4 mm internal diameter) using Flaming/Brown P-97 puller (Sutter Instrument Co., Novato, CA). The tips of the micropipettes ranged between 5 and 8 m internal diameter depending on cell sizes, and the shape of the tip of each micropipette was in a cylindrical tube at a length of about 10 m. The tips of the micropipettes were smoothed, and the shank of the tip was bent into a 45°angle. Micropipettes were usually prepared on the day of the experiment. Micropipettes were filled with bath solution that contained 5% horse serum to allow the cell membrane to move smoothly into the micropipette during aspiration. The micropipette was affixed on a head stage of a high speed pressure clamp (HSPC) device, and the head stage was mounted on a holder of a micromanipulator to allow fine control of the position of the micropipette. At the beginning of each experiment, the pressure in the pipette was equilibrated to the atmospheric pressure. Before aspirating cultured DRG neurons, the micropipette approached the cells at a 45°angle so that the shank of the micropipette tip was actually aligned horizontally to the focal plane while approaching the cells. Then the micropipette was moved toward a cell until the tip of the micropipette was in full contact with the membrane of the cell. To apply aspiration, steps of negative pressures were generated by HSPC device, and the negative pressures were delivered to the micropipette tip via the head stage of the HSPC. The HSPC was controlled, and pressure steps were programmed using pCLAMP 9.0 (Axon Instruments). Each negative pressure step was at 0.005 or 0.01 mm Hg and was applied until membrane projection was stabilized at a certain length before advancing to the next pressure step. A test for a single pressure step usually took ϳ2 min. The negative pressure steps were continually applied to the cell until obtaining the negative pressure at which the membrane projec-tion reached the length of the radius of the micropipette tip. During each negative pressure step, real time images of membrane deformation were acquired by a CCD camera and displayed on a 17-inch video monitor to track the membrane projection that was aspirated into the pipette. Membrane tension was determined based on the law of LaPlace and YoungLaPlace Equation 1 (23) ,
where T c is the plasma membrane tension; R c is the radius of the cell outside the pipette; R p is the radius of the pipette; P p is the pipette pressure to result in L p ϭ R p ; L p is the length of membrane projection in the pipette, and P p ϭ P c (intracellular pressure) when L p ϭ R p . The animal behavioral response to mechanical stimulation was examined using the von Frey test. In each test, a rat was placed in a transparent plastic chamber (length ϫ width ϫ height ϭ 20 ϫ 10 ϫ 14 cm) suspended above a wire mesh platform (Ugo Basile, Italy). After habituation for 10 min, mechanical sensitivity of rat right hind paws was examined using the von Frey filaments (Ugo Basil, Italy). A series of von Frey filaments (force range from 0.16 to 26 g) were used sequentially in ascending order to push against the plantar surface of the hind paws. Each filament was applied to the plantar surface of the hind paw five times with a 10-s inter-trial interval. For each trial, the filament was applied until buckling of the filament occurred and was then held for 5 s. The mechanical hind paw withdrawal threshold was defined as the force value of a filament that produced Ն3 hind paw withdrawals in response to five stimuli. In each experiment, the baseline withdrawal threshold was first measured 15 min before the injection of testing compounds. The intraplantar hind paw of the rat was then injected with one of the following solutions in a volume of 100 l: isotonic saline solution (310 mosM), 0.5% DMSO in isotonic saline solution; cytochalasin D (1 mM) in 0.5% DMSO isotonic saline solution; Gd 3ϩ (0.3 mM) in isotonic saline solution; hypotonic saline solution (155 mosM); hypotonic saline solution plus cytochalasin D (1 mM). or hypotonic saline solution plus Gd 3ϩ (0.3 mM). Withdrawal thresholds were then measured at 5, 15, 30, and 45 min after the injection.
Cell diameters were measured from images captured by a digital camera, and a cell diameter was calculated as the average of the longest and shortest widths of the cell. Whole-cell recording data were analyzed using Clampfit 9 software. The threshold for eliciting RA-MA currents was defined as the minimum membrane displacement that evoked a visible inward RA-MA current. The onset latency of an RA-MA current in response to a membrane displacement was the time delay from the contact of cell membranes by mechanical stimulation probe to the initiation of the RA-MA current. Decay time constant of an RA-MA current was obtained by fitting the current decay phase in the range of 10 -90% with a single exponential equation. The value of SPMT at each time point represents averaged SPMT around that time point with the time bin of Ϯ1 min. Unless otherwise indicated, all chemicals were purchased from Sigma. Data are reported as mean Ϯ S.E. Statistical significance (p Ͻ 0.05) was assessed by one-way analysis of variance followed by multiple comparison using Student's t tests with no corrections (25, 26) .
Results
We examined the effects of osmotic swelling on RA-MA currents that were elicited by displacements of cultured DRG neuron membranes with a mechanical stimulation probe. In most experiments described in this study, osmotic swelling was induced by a hypertonic recording internal solution (420 mosM) filled in patch clamp recording electrodes. The reason for using hypertonic recording internal solution was to maintain a cation gradient equivalent to that of conventional whole-cell patch clamp recording condition, a desirable condition for studying RA-MA currents for this work. We measured cell sizes and RA-MA currents immediately after establishing the whole-cell mode (initial time) and then continued the measurements every 2 min for up to 30 min or longer. Fig. 1 , A and B, shows cell sizes at initial time after establishing the whole-cell mode and at different time points afterward. All cultured DRG neurons swelled, and cell sizes increased over time for up to 24 min after establishing the whole-cell mode with hypertonic recording internal solution (Fig. 1B) . For example, cell diameters were increased by 26% (n ϭ 26) at 16 min, 30% (n ϭ 24) at 20 min, and 42% (n ϭ 22) at 24 min after establishing the whole-cell mode. However, there was usually no further increase in cell sizes afterward and some cells were lysed after 40 min.
We evoked RA-MA currents by a 7-m membrane displacement. Only those cells exhibiting RA-MA currents at the initial time were further tested. Because of osmotic swelling, the distance between the tip of the stimulation probe and the cell membrane became shortened over time. Accordingly, we adjusted the distance right before each test. The osmotic swelling of cultured DRG neurons was accompanied by gradual increases of RA-MA current amplitudes (Fig. 1, C and D) . For example, the amplitude of RA-MA currents was increased 2.5-fold (n ϭ 23, p Ͻ 0.01) at 8 min, 7-fold (n ϭ 19, p Ͻ 0.01) at 16 min, and 9-fold (n ϭ 18, p Ͻ 0.01) at 20 min after establishing the whole-cell mode. As a control we used isotonic recording internal solution to record RA-MA currents over time after whole-cell mode. We only observed a small degree of increases in RA-MA current amplitude under the isotonic condition ( Fig.  1D ), consistent with RA-MA current run-up in DRG neurons observed previously (14) . For experiments with hypertonic recording internal solution, the osmotic swelling was also accompanied by gradually slowing RA-MA current kinetics over time. RA-MA currents had a decay time constant of 4.0 Ϯ 0.5 ms (n ϭ 14, Fig. 1E ) when recorded at initial time after establishing the whole-cell mode with hypertonic recording internal solution. RA-MA currents became the intermediately adapting type with a decay time constant prolonged to 15.2 Ϯ 2.3 ms (n ϭ 14, p Ͻ 0.01, Fig. 1E ) at the 16-min time point, and the RA-MA currents became the slowly adapting type for many cells recorded at the 30-min time point, and overall the decay time constants were prolonged to 53.3 Ϯ 13.8 ms (n ϭ 14, p Ͻ 0.001, Fig. 1E ). In contrast, with isotonic recording internal solution there was no significant change in decay time constants of RA-MA currents over time after establishing the whole-cell mode (Fig. 1E) . The onset latency for eliciting RA-MA currents was shortened by osmotic swelling over time. With hypertonic recording internal solution, the latency was 6.87 Ϯ 0.28 ms (n ϭ 10) at initial time and reduced to 4.06 Ϯ 0.49 ms (n ϭ 10, p Ͻ 0.05) and 2.33 Ϯ 0.50 ms (n ϭ 10, p Ͻ 0.001) following osmotic swelling for 16 and 30 min, respectively. In all the above recordings before and following osmotic swelling with hypertonic recording internal solution, membrane tests were continually conducted to monitor membrane resistance of the recorded cells, and we did not observe obvious changes in membrane resistance except during the RA-MA current period (Fig. 1C) .
We next determined the effect of osmotic swelling on RA-MA currents evoked at different stimulation intensities. Different membrane displacements, i.e. different stimulation intensities, were applied to cells to elicit RA-MA currents at initial time and 30 min after establishing the whole-cell mode with hypertonic recording internal solution. As shown in Fig. 2 , A and B, for membrane displacements from 1 to 7 m in a 1-m increment, RA-MA currents elicited following 30 min of osmotic swelling were significantly larger than initial RA-MA currents. For example, RA-MA currents increased from 41.3 Ϯ 5.8 pA (n ϭ 22) to 339.9 Ϯ 56.1 pA (n ϭ 19) at 6 m of membrane displacements. RA-MA current kinetics were slowed significantly, and decay time constants of RA-MA currents following 30 min of osmotic swelling were significantly longer than those at initial time after establishing the whole-cell mode (Fig.  2C ). The increases in the decay time constants occurred in all membrane displacement steps tested, and the degree of the increases was significantly higher with greater membrane displacement steps of 5, 6, and 7 m than with the step of 3 m (p Ͻ 0.05, Fig. 2C ). Osmotic swelling resulted in a significant reduction of mechanical threshold. Mechanical thresholds were reduced by ϳ50% following osmotic swelling with hyper-FIGURE 1. Osmotic swelling potentiates RA-MA currents in cultured DRG neurons. A, images show a DRG neuron at initial time (left) and 20 min (right) after establishing the whole-cell mode with a recording electrode that contained a hypertonic recording internal solution (420 mosM). The positions of the recording electrode and mechanical probe are indicated by a white and a black star, respectively. B, summary data of the osmotic swelling expressed as increases of cell diameters over time after establishing the whole-cell mode (n ϭ 22). C, three sample traces show the mechanically activated currents evoked by a 7-m membrane displacement step at the initial time (black), 14 min (red), and 20 min (blue) after establishing the whole-cell mode. The membrane displacement step is indicated above the current traces. The traces also include continual membrane tests by voltage steps of 5 mV at the interval of 100 ms. D, summary data of the increases of RA-MA currents over time after establishing the whole-cell mode with hypertonic (red circles, n ϭ 18) or isotonic (black squares, n ϭ 20) recording internal solution. E, decay time constants of RA-MA currents at initial time, 16 and 30 min after establishing the whole-cell mode with hypertonic (solid bars, n ϭ 14) or isotonic (open bars, n ϭ 30) recording internal solution. F, latency of RA-MA current onset at initial time, 16 and 30 min after establishing the whole-cell mode with hypertonic recording internal solution (n ϭ 10). Data represent mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, compared with the value at initial time.
tonic recording internal solution for 30 min (n ϭ 26, p Ͻ 0.001, Fig. 2D ). In contrast, there was no significant difference in mechanical threshold between initial time and 30 min after establishing the whole-cell mode with isotonic recording internal solution (n ϭ 33, Fig. 2D ). The changes in mechanical thresholds were unlikely due to the repeated stimulation because no significant change in RA-MA currents was observed when the same displacement was repeatedly applied (Fig. 2E) . Superior cervical ganglion (SCG) neurons were previously used as a negative control to show that RA-MA currents were expressed specifically in primary afferent neurons and not in SCG neurons (1) . Using SCG as a control, we determined whether RA-MA currents could be elicited by membrane displacement in SCG neurons when these neurons underwent osmotic swelling. In contrast to cultured DRG neurons, there was no RA-MA current that could be elicited by membrane displacement in SCG neurons before and following osmotic swelling (n ϭ 14, Fig. 2F ).
RA-MA currents in DRG neurons are previously shown to be mediated by Piezo2 channels (6), and osmotic swelling-induced potentiation of RA-MA currents in our cultured DRG neurons are most likely due to the increase of mechanical sensitivity of Piezo2 channels. To directly determine whether mechanical sensitivity of Piezo2 channels can be enhanced by osmotic swelling, we expressed Piezo2 channels heterologously in HEK293 cells, and we directly tested whether Piezo2-mediated RA-MA currents (Piezo2 currents) could be potentiated and the current kinetics shifted to slowly adapting type following osmotic swelling. Similar to the recordings from cultured DRG neurons, Piezo2 currents in HEK293 cells were significantly potentiated over time following osmotic swelling with hypertonic recording internal solution (Fig. 3, A and B) . For example, when a membrane displacement distance of 8 m was applied, Piezo2 current amplitudes increased 30-fold (n ϭ 5, p Ͻ 0.001) at 20 min after establishing the whole-cell mode with hypertonic recording internal solution (Fig. 3B) . The potentiation of Open bars, recordings with isotonic recording internal solution (n ϭ 33); solid bars, recordings with hypertonic recording internal solution (n ϭ 26). E, sample trace (left) and summary data (right) of RA-MA currents evoked by repeated membrane displacements at the interval of 6 s (n ϭ 9). F, sample traces show that membrane displacement did not elicit RA-MA currents in SCG neurons recorded with hypertonic recording internal solution either at the initial time or 24 min after establishing the whole-cell mode (n ϭ 14). Data represent mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significantly different.
Piezo2 Functions and Static Plasma Membrane Tension
Piezo2 currents by osmotic swelling was observed at different membrane displacement distances tested up to 8 m (Fig. 3, C and D, n ϭ 8). The potentiation was accompanied by significantly slowing Piezo2 current kinetics as was evidenced by the prolonged decay time constants after osmotic swelling (Fig. 3, C and E). The decay time constants were 5.8 Ϯ 1.5 ms (n ϭ 7) at initial time, prolonged to 37.1 Ϯ 3.0 ms (n ϭ 7, p Ͻ 0.001) at 10 min, and 103.8 Ϯ 29.5 ms (n ϭ 7, p Ͻ 0.001) at 20 min after establishing the whole-cell mode with hypertonic recording internal solution (Fig. 3E) . In contrast, with isotonic recording internal solution, Piezo2 currents remained to be rapidly adapting over time with the time constant being kept ϳ6 ms (n ϭ 5) from initial time to 20 min after establishing the whole-cell mode (Fig. 3E) . Mechanical threshold was substantially reduced from 5.5 Ϯ 0.4 m (n ϭ 8) at initial time to 3.2 Ϯ 0.3 m (n ϭ 8, p Ͻ 0.01) after establishing whole-cell mode for 20 min with hypertonic recording internal solution (Fig. 3F) . In contrast, there was no significant change of mechanical thresh- old when isotonic recording internal solution was used (n ϭ 6, Fig. 3F ). Osmotic swelling may activate TRPV4 channels to increase intracellular Ca 2ϩ in cultured DRG neurons. To determine whether osmotic swelling-induced potentiation of RA-MA currents is dependent on the elevation of intracellular Ca 2ϩ following TRPV4 activation, we included the rapid Ca 2ϩ chelator BAPTA (20 mM) in our hypertonic recording internal solution and determined whether osmotic swelling-induced potentiation of RA-MA currents was affected. As shown in Fig. 4, A and B, RA-MA currents were still potentiated under this condition in a degree similar to the experiments using hypertonic recording internal solution that did not contain BAPTA. For example, 30 min after establishing the whole-cell mode, RA-MA currents were potentiated by ϳ11-fold (n ϭ 8) in experiments using hypertonic recording internal solution with BAPTA, which was not significantly different from the degree of potentiation (ϳ10-fold, n ϭ 10) in experiments using hypertonic recording internal solution without BAPTA. Mechanical thresholds were significantly reduced by ϳ50% 30 min after establishing the whole-cell mode using hypertonic internal recording solutions either with or without BAPTA, but there was no significant difference in mechanical thresholds between these two conditions (Fig. 4C) . Similar to the results using hypertonic recording internal solution without BAPTA, the kinetics of RA-MA currents were also significantly slowed when BAPTA was included in the hypertonic recording internal solution. The decay time constants measured at the same time points after establishing the whole-cell mode were not significantly different between the experiments with and without BAPTA in recording internal solution (Fig. 4D) . We determined whether osmotic swellinginduced potentiation is use-dependent. Two stimulation paradigms were applied, one was to apply stimulation every 2 min (n ϭ 8), and the other was to apply the stimulation every 16 min (n ϭ 8). Although osmotic swelling resulted in significant increases in RA-MA current amplitude and decay time constants as well as deceases in current latency 30 min after establishing whole-cell mode, these RA-MA current parameters at the 30-min time point did not show significant difference between the two stimulation paradigms (Fig. 4E) . To further determine whether TRPV4 channels mediated osmotic swelling-induced potentiation of Piezo2 currents, we examined whether GSK1016790A, a highly potent TRPV4 activator, could directly potentiate RA-MA currents recorded from cultured DRG neurons using isotonic recording internal solution. Bath application of 100 nM GSK1016790A resulted in small and slow inward currents in cultured DRG neurons tested (n ϭ 7, not shown), indicating the presence of TRPV4 channels in these cells. However, the amplitudes of RA-MA currents recorded with isotonic recording internal solution were not significantly different between the experiments in the absence (n ϭ 26) and presence of 100 nM GSK1016790A (n ϭ 7, Fig. 4, F and G) . There was also no significant difference in mechanical threshold between the experiments in the absence (n ϭ 26) and presence of GSK1016790A (n ϭ 7, Fig. 4H) . Furthermore, the kinetics of RA-MA currents was not affected by GSK1016790A as there was no significant difference in the decay time constants between the experiments in the absence (n ϭ 26) and presence of GSK1016790A (n ϭ 6, Fig. 4I ).
The potentiation of RA-MA currents by osmotic swelling could be due to an increase in the numbers and/or single channel conductance of RA-MA channels on cultured DRG membranes following osmotic swelling. To test this idea, we conducted nonstationary fluctuation analysis to assess the potential changes in RA-MA channel numbers and unitary currents (Fig. 5, A-F) following osmotic swelling. In this set of experiments, variances of RA-MA currents were obtained following repeated mechanical stimulation, and channel numbers and unitary current sizes were derived from the plots of the variances against mean values (22) . The measured RA-MA channel numbers were 28.4 Ϯ 6.8 (n ϭ 9) in isotonic bath solution and were 4-fold higher (115.5 Ϯ 11.6, n ϭ 6) following the application of hypotonic bath solution for 30 min (Fig. 5E) . However, there was no significant difference in RA-MA unitary current size between control (n ϭ 9) and cells treated with hypotonic bath solution (n ϭ 6, Fig. 5F ). We performed immunostaining using an antibody against Piezo2 channels for the cells without or with osmotic swelling by hypotonic bath solution. We found that Piezo2 immunofluorescent intensity measured at the perimeters of cells was relatively higher than that measured at the sites away from the perimeters of cells after the cells were treated with hypotonic bath solution for 30 min (n ϭ 39, Fig. 5G ). In contrast, Piezo2 immunofluorescent intensity at the perimeters was relatively lower than that measured at the sites away from the perimeters in control without the hypotonic treatment (n ϭ 46, Fig. 5G ). The intensity ratios of the two regions were significantly higher for cells after osmotic swelling (n ϭ 39) than for the control cells without osmotic swelling (n ϭ 46, p Ͻ 0.001, Fig. 5G) .
A main effect of osmotic swelling on a cell is increasing SPMT (19, 20, 27) . We quantitatively measured SPMT in cultured DRG neurons under the isotonic condition and following osmotic swelling using the micropipette aspiration technique (Fig. 6, A-C) . Under the isotonic condition, SPMT was 0.024 Ϯ 0.0005 mN/m (n ϭ 8) at baseline and was not significantly changed over time after establishing the whole-cell mode (Fig.  6D) . In contrast, SPMT was significantly increased to 0.033 Ϯ 0.003 mN/m at 2.5 min (n ϭ 12), 0.038 Ϯ 0.004 mN/m at 17.5 min (n ϭ 12), and 0.040 Ϯ 0.005 mN/m at 32.5 min (n ϭ 12) after establishing the whole-cell mode using hypertonic recording internal solution (Fig. 6D) . SPMT was also significantly increased following the bath application of a hypotonic solution (220 mosM) for 10 -15 min (Fig. 6E) , and the degree of SPMT changes was not dependent on original cell sizes (Fig. 6E) . For example, for small sized neurons (original diameters Յ30 m), SPMT was increased from 0.024 Ϯ 0.002 mN/m (n ϭ 11) under the isotonic condition to 0.052 Ϯ 0.004 mN/m (n ϭ 9) in hypotonic bath solution for 10 min (Fig. 6E) . Although osmotic swelling increased SPMT, disrupting actin microfilaments using 10 M CD significantly reduced SPMT under the isotonic condition (Fig. 6F) . For example, the plasma membrane tension was decreased from 0.025 Ϯ 0.003 mN/m (n ϭ 10) under the isotonic condition to 0.011 Ϯ 0.003 mN/m (n ϭ 7) 32.5 min after establishing the whole-cell mode using isotonic internal
solution that contained 10 M CD (Fig. 6F) . We further determined whether disrupting actin microfilaments by CD may prevent SPMT from increase by osmotic swelling. As shown in Fig. 6G , although hypertonic recording internal solution increased SPMT, SPMT was not increased over time when 10 M CD was present in the internal solution (Fig. 6G) . For example, SPMT was increased from 0.026 Ϯ 0.002 mN/m (n ϭ 12) at baseline to 0.040 Ϯ 0.005 mN/m (n ϭ 11) 32.5 min after establishing the whole-cell mode with the hypertonic recording internal solution that did not contain CD. In contrast, SPMT was at 0.018 Ϯ 0.003 mN/m (n ϭ 7) 32.5 min after establishing the whole-cell mode with the hypertonic recording internal solution that contained 10 M CD, significantly lower than the control measured at the same time point (Fig. 6G) . and following (gray) the bath application of 100 nM GSK1016790A for 30 min. The RA-MA currents were recorded using isotonic recording internal solution. Inset, expanded scale for the boxed region. Membrane displacement was 7 m. G, summary data of the RA-MA currents recorded over time in the absence (squares, n ϭ 26) and presence (circles, n ϭ 7) of 100 nM GSK1016790A. H, mechanical thresholds of RA-MA currents recorded using isotonic recording internal solution without (open bars, n ϭ 26) or with 100 nM GSK1016790A (closed bars, n ϭ 7). I, decay time constants of RA-MA currents recorded using isotonic recording internal solution without (open bars, n ϭ 26) or with GSK1016790A (closed bars, n ϭ 6). RA-MA currents were at initial time and 30 min in C and H; 32 min in E, and at initial time and 16 and 30 min in D and I after establishing the whole-cell mode. Data represent mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, compared with initial time; ns and NS, no significant difference, compared at the same time point. APRIL 22, 2016 • VOLUME 291 • NUMBER 17
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To further elucidate that the increases of SPMT by osmotic swelling are required for the mechanical sensitization, we included 10 M CD in our hypertonic recording internal solution to prevent the increases of SPMT and examined RA-MA currents. Although RA-MA current amplitude increased more than 10-fold (n ϭ 14) after 16 min with hypertonic recording internal solution alone, the potentiation was almost completely abolished when CD was included in the hypertonic recording internal solution (Fig. 7, A and B, n ϭ 8) . The effect of CD on osmotic swelling-induced RA-MA current potentiation was observed at different mechanical stimulation intensities tested from membrane displacement of 1-7 m (n ϭ 7, Fig. 7, C and  D) .We further determined whether RA-MA currents recorded using isotonic recording internal solution were also dependent on intact actin filaments in cultured DRG neurons. As shown in Fig. 7 , E and F, when CD was included in the isotonic recording internal solution, RA-MA current amplitude was gradually reduced after establishing the whole-cell mode. For example, E, summary data of channel numbers in cells tested in isotonic bath solution (n ϭ 9) and hypotonic bath solution (n ϭ 6). F, summary data of unitary current size in cells tested in isotonic bath solution (n ϭ 9) and hypotonic bath solution (n ϭ 6). G, top two images show confocal imaging of Piezo2 immunoreactivity in a cell without (control, left) and a different cell with osmotic swelling (right); piezo2 immunoreactivity intensity is higher on plasma membranes than in cytosol compartment following osmotic swelling in hypotonic bath solution for 30 min (right). Bottom two images are similar to the top images except they were taken under epifluorescence illumination. Bar graph on bottom right panel shows summary data of immunofluorescent intensity ratio between the values measured at the perimeters and measured 5 m away from the perimeters in the cells; epifluorescence images were used for the summary data. Open bar, control cells without osmotic swelling (n ϭ 46); solid bar, cells treated with 220 mosM hypotonic bath solution for 30 min (n ϭ 39). Data represent mean Ϯ S.E., ***, p Ͻ 0.001.
Piezo2 Functions and Static Plasma Membrane Tension
RA-MA currents were 80% of control at 10 min (n ϭ 9), 50% of control at 20 min (n ϭ 9), and 30% of control at 30 min (n ϭ 9) after establishing the whole-cell mode (Fig. 7F) . We analyzed the effects of CD on mechanical threshold for eliciting RA-MA currents. At the initial time after establishing the whole-cell mode, mechanical thresholds were not significantly different FIGURE 6 . Static plasma membrane tension of primary afferent neurons is measured by the micropipette aspiration technique. A, schematic diagram illustrates the setup for measuring SPMT using a micropipette aspiration technique. In this setup, a micropipette is connected to an HSPC device via its head stage. Stepwise negative pressures are generated by HSPC and delivered to the micropipette to aspirate a cell. B, image shows a DRG neuron whose membranes are being aspirated into the micropipette (white asterisk indicated). The cell is also patched under the whole-cell mode by a recording electrode (black asterisk indicated) that contains a hypertonic recording internal solution. C, parameters needed for calculating membrane tension based on the Young-Laplace equation. T c , membrane tension; R c , cell radius; P c , intracellular pressure; P p , pipette aspiration pressure; R p , pipette radius; L, length of membrane projection within pipette. D, SPMT measured from small-sized cultured DRG neurons (original diameter Յ30 m) under the whole-cell mode with patch clamp recording electrode containing isotonic (solid squares, n ϭ 8) and hypertonic (solid circles, n ϭ 12) recording internal solution. BL, baseline before establishing the whole-cell mode; Time, time after establishing the whole-cell mode. E, SPMT measured from cells whose original sizes (in diameter) were small (Յ30 m), medium (30 -45 m), and large (Ն45 m). Cells were not patched by recording electrodes. SPMT measurements were performed on cells in isotonic bath solution (open bars, n ϭ 11 for small cells; n ϭ 12 for medium cells; n ϭ 6 for larger cells). SPMT was also measured following the application of hypotonic bath solution (solid bars, n ϭ 9 for small cells; n ϭ 10 for medium cells; n ϭ 6 for larger cells). F, SPMT measured from small-sized cells under the whole-cell patch clamp recording mode with patch clamp recording electrode containing isotonic recording internal solution without (solid squares, n ϭ 10) and with 10 M CD  (solid circles, n ϭ 7) . G, SPMT measured from small-sized cells under the whole-cell patch clamp recording mode with electrode containing hypertonic recording internal solution without (solid squares, n ϭ 12) and with 10 M CD (solid circles, n ϭ 7).
among the four experimental groups that used the following: (i) isotonic recording internal solution (n ϭ 50); (ii) isotonic recording internal solution with CD (n ϭ 10); (iii) hypertonic recording internal solution (n ϭ 33); or (iv) hypertonic internal solution with CD (n ϭ 9). Thirty minutes after establishing the whole-cell mode, mechanical threshold recorded with isotonic recording internal solution that contained CD (3.86 Ϯ 0.26 m, n ϭ 7) was significantly higher than that recorded with isotonic recording internal solution that did not include CD (2.96 Ϯ 0.19 m, n ϭ 26, p Ͻ 0.05) (Fig. 7G) Fig. 7G ). We also analyzed the effect of CD on the onset latency of RA-MA currents. At the initial time after establishing the whole-cell mode, onset latencies were not significantly different among the four experimental groups using the following: (i) isotonic recording internal solution (n ϭ 14); (ii) isotonic recording internal solution with CD (n ϭ 7); (iii) hypertonic recording internal solution (n ϭ 14); or (iv) hypertonic internal solution with CD (n ϭ 7). Thirty minutes after establishing the whole-cell mode, onset latency recorded using isotonic recording internal solution with CD (6.75 Ϯ 0.43 ms, n ϭ 6) was significantly longer than that recorded using isotonic recording internal solution without CD (5.28 Ϯ 0.35 ms, n ϭ 14, p Ͻ 0.001) (Fig. 7H) . Similarly, 30 min after establishing the whole-cell mode, onset latency recorded using hypertonic recording internal solution with CD (6.93 Ϯ 0.25 ms, n ϭ 6) was significantly higher than that recorded using hypertonic recording internal solution without CD (2.43 Ϯ 0.21 ms, n ϭ 14, p Ͻ 0.001) (Fig. 7H) . We tested LatA, which disrupts actin filament by a mechanism different from that of CD, on RA-MA potentiation induced by osmotic swelling (Fig. 8) . Although osmotic swelling significantly increased RA-MA current amplitude and decay time constant as well as shortened latency (n ϭ 9, Fig. 8, A, B, and D-F) , the effects of osmotic swelling on RA-MA currents were significantly diminished by LatA (n ϭ 9, Fig. 8, A and B, D--F) . We also tested Jasp, which affects cytoskeleton functions by stabilizing actin filaments, on RA-MA potentiation induced by osmotic swelling (Fig. 8) . Interestingly, Jasp had similar effects as LatA on osmotic swelling-induced changes in RA-MA current amplitude, decay time constant, and latency D (CD, gray) . The membrane displacement step was 7 m. B, summary data of RA-MA currents over time after establishing the whole-cell mode using hypertonic recording internal solution either without (squares, n ϭ 14) or with 10 M CD (circles, n ϭ 8). C, two sets of sample traces of RA-MA currents elicited by different membrane displacement steps and recorded 30 min after establishing the whole-cell mode. The recordings were done by using hypertonic recording internal solution either without (top) or with 10 M CD (bottom). Membrane displacement steps at 1-m increments are indicated above RA-MA current traces. D, summary data of the experiments represented in C using hypertonic recording internal solution either without (squares, n ϭ 7) or with 10 M CD (circles, n ϭ 7). E, two sample traces show RA-MA currents recorded at initial time (black) and 30 min (gray) after establishing the whole-cell mode using isotonic recording internal solution that also contained 10 M CD. Inset, expanded scale for the boxed region. The membrane displacement step was 7 m. F, summary data of RA-MA currents over time for the experiments represented in E (squares, n ϭ 9). RA-MA currents that were recorded with hypertonic recording internal solution containing 10 M CD (n ϭ 9) are also presented in this graph for a comparison. G and H, summary data of mechanical thresholds (G) and onset latency (H) for eliciting RA-MA currents at initial time (open bars) and 30 min (closed bars) after establishing the whole-cell mode. Mechanical thresholds (G) and latency (H) were obtained by recordings made with the following recording internal solutions: isotonic internal solution (isotonic), isotonic internal solution that contained 10 M CD (iso ϩ CD), hypertonic internal solution (hypertonic), and hypertonic internal solution that contained 10 M CD (hyper ϩ CD). Data represent Mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. (n ϭ 12) (Fig. 8, A-C and D-F) . We also examined effects of CD, LatA, and Jasp on osmotic swelling. The degree of osmotic swelling was significantly reduced by Jasp but not by LatA and CD (Fig. 8G) . We determined the reversibility of both SPMT and RA-MA currents of DRG neurons. In this set of experiments, isotonic internal recording solution was used in patch clamp recording electrode, and we induced osmotic swelling in cultured DRG neurons by extracellular hypotonic bath solution and then performed recovery experiments by returning cells in isotonic bath solution after the osmotic swelling (Fig. 9, A-C) . As shown in Fig. 9, A and B , hypotonic bath solution produced osmotic swelling over time (Fig. 9B) , which was accompanied by a significant increase in SPMT (Fig. 9C) . For example, cell diameters increased to ϳ130% (n ϭ 7, p Ͻ 0.001) of their initial sizes following the bath application of hypotonic solution for 16 min (Fig. 9B) ; SPMT increased from 0.022 Ϯ 0.001 mN/m to 0.044 Ϯ 0.005 mN/m (n ϭ 6, p Ͻ 0.001, Fig. 9C ). When cells were returned to isotonic bath solution, cell sizes were rapidly restored to near their initial sizes within 4 min (n ϭ 7, Fig. 9 , A and B), and SPMT was reduced to 0.014 Ϯ 0.002 mN/m (n ϭ 6, p Ͻ 0.01, Fig. 9C ). Consistent with the increases in SPMT (Fig.  9C ), bath application of hypotonic solution potentiated RA-MA currents (Fig. 9, D and E) and slowed RA-MA current kinetics (Fig. 9F) significantly over time. For example, RA-MA current amplitudes were increased 7-fold (n ϭ 7, p Ͻ 0.01) following the application of hypotonic solution for 12 min (Fig.  9E) . RA-MA current decay time constant was prolonged from ϳ6 ms (n ϭ 7) in isotonic bath solution to ϳ90 ms (n ϭ 7, p Ͻ 0.01) 16 min following the application of hypotonic solution (Fig. 9, D and F) . The potentiated RA-MA currents in hypotonic extracellular solution were restored to near original amplitude (n ϭ 7, Fig. 9 , D and E) and kinetics (n ϭ 5, Fig. 9 , D and F) in 4 min after returning cells in isotonic bath solution, a condition that reduced SPMT (Fig. 9C) .
We determined the effect of extracellular hypotonicity on RA-MA currents elicited by different mechanical stimulation intensity. Different membrane displacement steps were applied to cells to elicit RA-MA currents before (in isotonic solution) and 16 min following the application of hypotonic solution extracellularly. As shown in Fig. 9 , G and H, for membrane displacement steps tested from 1 to 7 m, RA-MA currents elicited following 16 min of osmotic swelling were significantly larger than initial RA-MA currents recorded in isotonic bath solution. For example, at 7-m membrane displacement step, RA-MA currents were 47.1 Ϯ 6.4 pA (n ϭ 7) recorded in isotonic solution and increased to 368.3 Ϯ 84.6 pA (n ϭ 7, p Ͻ 0.01) after 16 min osmotic swelling in hypotonic extracellular solution. Osmotic swelling by extracellular hypotonicity resulted in a significant reduction of mechanical threshold. Mechanical threshold was 2.9 Ϯ 0.3 m (n ϭ 10) in isotonic solution and was reduced by ϳ50% (n ϭ 7, p Ͻ 0.001) following osmotic swelling for 16 min (Fig. 9I) . Osmotic swelling by extracellular hypotonicity also resulted in a significant reduction of RA-MA current onset latency from 5.4 Ϯ 0.2 ms (n ϭ 10) in isotonic solution to 1.7 Ϯ 0.3 ms (n ϭ 6, p Ͻ 0.001) following osmotic swelling for 16 min (Fig. 9J) .
We determined whether osmotic swelling can increase mechano-excitability of primary afferent neurons such that these neurons can be excited to fire action potentials at lower mechanical stimulation intensity. As shown in Fig. 10 , A-C, at the initial time after establishing the whole-cell mode, membrane displacement resulted in small membrane depolarization (2.6 Ϯ 0.6 mV at 3 m, n ϭ 8, Fig. 10B ; 6.4 Ϯ 2.8 mV at 4 m, n ϭ 8, Fig. 10, A and B) . Action potential firing was not elicited in all eight cells tested by 3 m displacement and was elicited only in one cell out of eight cells tested by 4 m displacement (Fig. 10C) . In contrast, for the same cells 20 min after osmotic swelling using hypertonic recording internal solution, there was a large increase of membrane depolarization to 18.1 Ϯ 3.9 mV by 3 m membrane displacement (n ϭ 7) and to 21.1 Ϯ 3.4 mV by 4 m membrane displacement (n ϭ 7) (Fig. 10, A and B) , and more than 50% of cells (4/7) fired action potentials in responses to membrane displacement at 3 or 4 m (Fig. 10, A  and C) . Osmotic swelling slightly increased resting membrane potentials in some cells, which was unlikely to be a main factor contributing to the enhanced mechano-excitability.
We determined whether osmotic disturbance may lead to behavioral mechanical hypersensitivity in vivo (Fig. 11A) . The von Frey test was used to measure hind paw withdrawal threshold following a subcutaneous injection of a hypotonic saline solution (0.45% NaCl, 155 mosM, 100 l) into the hind paws (Fig. 11A) . The hind paw withdrawal thresholds were reduced several minutes after the injection of hypotonic saline solution and were kept at lower thresholds for up to 45 min, the longest time tested. In contrast, there was no significant change in the withdrawal thresholds when isotonic saline solution (0.9% NaCl, 310 mosM) was subcutaneously administered into the hind paws. We determined whether CD, which abolished osmotic swelling-induced potentiation of RA-MA currents in DRG neurons, might alleviate hypotonic saline-induced mechanical hypersensitivity in vivo. This was done by subcutaneous co-injection of CD and hypotonic solution into the hind paws prior to measurement of hind paw withdrawal threshold. As shown in Fig. 11A , the withdrawal threshold was not reduced by hypotonic solution when CD (1 mM) was co-administered. Furthermore, when hypotonic saline solution was injected together with Gd 3ϩ (0.3 mM), a compound that blocks Piezo2 channels, hind paw withdrawal threshold was heightened rather than reduced (Fig. 11A) . We also determined whether administration of CD or Gd 3ϩ may directly increase mechanical thresholds (i.e. mechanical hyposensitivity) in animals when these compounds were made in isotonic solution. As shown in Fig. 11B , although injection of isotonic vehicles (0.5% DMSO in saline, n ϭ 9; saline, n ϭ 7) did not have significant effects on hind paw withdrawal threshold, injection of CD (1 mM, n ϭ 9) or Gd 3ϩ solutions (0.3 mM, n ϭ 9) resulted in a significant increase in the hind paw withdrawal threshold (Fig.  11B ).
Discussion
In this study, we show that RA-MA currents in primary afferent neurons are greatly potentiated, their kinetics slowed by osmotic swelling, and the effect of osmotic swelling is via the increase of SPMT. We further demonstrate that the sensitiza-tion of primary afferent mechanotransduction requires intact actin filaments in primary afferent neurons to maintain a high level of SPMT. RA-MA currents in cultured DRG neurons are mediated by Piezo2 channels (6, 14) , and in our study RA-MA currents in HEK293 cells heterologously expressing Piezo2 channels are also greatly potentiated and their kinetics slowed by osmotic swelling, suggesting that Piezo2 channels in cultured DRG neurons are regulated by osmotic swelling via SPMT. Our . C, summary data of the changes of SPMT induced by extracellular hypotonicity (Hypo) and recovery in isotonic solution (Iso) (black circles, n ϭ 7). SPMT was also measured in isotonic solution over the same time period (black squares, n ϭ 7). D, sample traces of RA-MA currents at initial time in isotonic bath (black), 16 min following the extracellular application of hypotonic solution (blue), and following a 4-min recovery in isotonic bath solution (red). E, summary of the increases of RA-MA currents over time from isotonic solution (black, n ϭ 7) and following bath application of hypotonic solution (blue, n ϭ 7) and restoration of RA-MA currents following the bath application of isotonic bath solution (red, n ϭ 7). F, summary data of the decay time constants at initial time in isotonic bath (left, n ϭ 7), 16 min following the application of the hypotonic solution (middle, n ϭ 7), and following a 4-min recovery in isotonic bath solution (right, n ϭ 5). The membrane displacement is 7 m in E and F. G, sample traces of RA-MA currents evoked by different membrane displacement steps before and following the bath application of hypotonic solution for 16 min. H, summary data of the experiments illustrated in G in isotonic bath (black squares, n ϭ 7) and hypotonic bath (red circles, n ϭ 7). I, mechanical thresholds for evoking RA-MA currents in isotonic bath (open bars, n ϭ 10) and following the application of hypotonic solution for 16 min (solid bars, n ϭ 7). J, latency for RA-MA current onset in isotonic bath solution (open bars, n ϭ 10) and following the application of hypotonic solution for 16 min (solid bars, n ϭ 6). Data represent mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
behavioral outcomes suggest that the sensitization of mechanotransduction may account for behavioral mechanical hypersensitivity induced by subcutaneous injection of hypotonic solution.
In our study, osmotic swelling produces enormous enhancement of RA-MA current amplitude and switches its rapidly adapting kinetics to slowly adapting type. This potentiation is much greater than the enhancement of RA-MA currents shown previously following the treatment of primary afferent neurons with inflammatory mediators or protein kinase C activators (12, 13) . Previous studies have shown that functions of Piezo2 chan- , n ϭ 8) . B, mechanical withdrawal thresholds measured in rat hind paws using the von Frey test before and following hind paw injection of 100 l of the following solutions: an isotonic saline solution (squares, n ϭ 7); a 0.5% DMSO in saline (circles, n ϭ 9); 1 mM CD in 0.5% DMSO saline (CD, triangles, n ϭ 9); 0.3 mM Gd 3ϩ in saline solution (Gd 3ϩ , reversed triangles, n ϭ 9). BL, baseline measured before the injections. An arrow indicates the time when the solutions are injected into the hind paws. Data represent mean Ϯ S.E., *, p Ͻ 0.05; **, p Ͻ 0.01. nels can be up-regulated through intracellular signaling pathways, including protein kinase A, protein kinase C, and EPAC1 (12, 13, 15) , raising the possibility that osmotic swelling-induced sensitization of RA-MA channels in our study may also be mediated by these intracellular signaling pathways. Osmotic swelling may activate TRPV4 channels (28) to increase intracellular Ca 2ϩ concentrations, which may subsequently activate intracellular second messenger systems to up-regulate RA-MA channel functions. However, this possibility is discounted by our finding that potentiation of RA-MA currents by osmotic swelling is not affected when intracellular Ca 2ϩ was chelated by the fast Ca 2ϩ chelator BAPTA. Furthermore, RA-MA currents are not affected by the TRPV4 activator GSK1016790A.
We show that osmotic swelling-induced potentiation of RA-MA currents requires the increase of SPMT. To our knowledge, this study is the first to quantitatively determine the SPMT of mammalian somatosensory neurons and to directly relate this biophysical property to the functions of mechanically activated channels in cultured DRG neurons. SPMT of cultured DRG neurons is measured to be 0.024 mN/m under isotonic conditions and is increased to 0.040 mN/m following osmotic swelling for 30 min. These values are close to the SPMT of molluscan neurons under isotonic conditions and following osmotic swelling (20) . Our results indicate that a small change of SPMT (less than 2-fold increase) can result in a large potentiation of RA-MA currents (10-fold increase) and also lead to a switch of RA-MA current kinetics from rapidly adapting to a slowly adapting type. Osmotic swelling-induced potentiation of RA-MA currents in our study is abolished when actin filaments are disrupted by CD and LatA. Actin filament is a major cytoskeleton component essential for maintaining SPMT of a cell (19) , and disruption of actin filaments would substantially reduce SPMT of a cell. Indeed, CD not only reduces SPMT in our cultured DRG neurons under isotonic conditions, but also prevents the SPMT from increases by osmotic swelling. The results with CD in this study further support the idea that SPMT has a profound impact on mechanical sensitivity in primary afferent neurons. Our results with SPMT measurement suggest that the kinetics of RA-MA currents is also impacted by SPMT. The rapid recovery of both RA-MA current amplitude and kinetics when cells return to the isotonic condition further supports the idea that the effects of osmotic swelling on RA-MA currents are mainly due to the change of SPMT.
We show that cultured DRG neurons increase their sizes by about 40% under our osmotic swelling conditions. However, a flat plasma membrane can only tolerate an ϳ3% increase in area before lysis (19) . The 40% increase of DRG neuron size in our study suggests that primary afferent neurons may have membrane domains hidden from the cell surface. Hidden membrane domains have been observed in other cell types in the forms of caveolae, vacuole-like dilations, and membrane ruffles (19, 20, 27, 29) . Studies have revealed that caveolae are specialized lipid rafts that are important for harboring ion channels and regulating their functions (30) . There is a possibility that Piezo2 channels also mainly reside in these membrane domains and are kept in a configuration less sensitive to mechanical stimulation by a rapid membrane displacement. However, high SPMT may expose these hidden Piezo2 channels to the cell surface. This idea is supported by our evidence showing the increased channel numbers rather than channel conductance of RA-MA channels following osmotic swelling by using nonstationary fluctuation analysis. In addition, translocation of RA-MA channels to plasma membranes was also suggested by the changes of Piezo2 immunoreactivity on cultured DRG neurons following osmotic swelling. This translocation may prime RA-MA channels to have lower energy barriers for channel opening by a rapid membrane displacement.
We show that hypotonic solutions reduce mechanical threshold in hind paws, a result consistent with a previous study performed by application of hypotonic solution to the dura (31) . An interpretation of our behavioral outcomes is that hypotonic solution leads to the potentiation of Piezo2 mechanotransduction in vivo as well. However, hypotonic solution may also activate other ion channels such as TRPV4 on primary afferent nerves to affect mechanical sensitivity (28, 31, 32) . Therefore, the potentiation of Piezo2 mechanotransduction by osmotic swelling may only partially contribute to the behavioral mechanical hypersensitivity following the injection of hypotonic solution. In our study, we show that behavioral mechanical hypersensitivity induced by hypotonic solution is abolished by CD. This is consistent with our in vitro study showing that CD prevents osmotic swelling-induced potentiation of RA-MA currents. Interestingly, a previous study also shows that CD alleviates mechanical hyperalgesia in an animal model of inflammatory pain (33) . In addition, we show that mechanical hypersensitivity induced by hypotonic solution is abolished by Gd 3ϩ , a blocker of Piezo2 channels (6, 8) . These findings support the idea that sensitization of Piezo2 mechanotransduction at least partially contributes to the behavioral mechanical hypersensitivity induced by hypotonic solution in our in vivo experiments.
One question about our findings is whether the potentiation of mechanotransduction shown in our study may have any physiological and/or pathological implications. Unless under extreme conditions, such as exposure of wounded skin and ulcerated oral mucosa tissues directly to water, the osmotic environment surrounding primary afferents is unlikely to be disturbed to the degree similar to our experimental condition. Interestingly, two previous studies show primary afferent axon swelling to result in 18 -21% increases in the axonal cross-sectional area in vincristine-induced neuropathy in rats (34, 35) . It will be interesting to study in the future whether Piezo2-mediated mechanotransduction may be sensitized under these conditions. However, in addition to osmotic swelling, SPMT can be altered by biological factors that affect acting filament network, modify the interactions between acting filaments and molecules in plasma membranes (e.g. phosphoinositides), and change metabolic states of membrane lipids (36, 37) . It will be interesting to study in the future whether the biological factors that change SPMT may significantly affect Piezo2-mediated mechanotransduction in primary afferents to contribute to the alternation of mechanical sensations under pathological conditions.
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